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Abstract

It is demonstrated that glassy carbon powder can be thermochemically activated. During activation, a film with open pores
is created on the glassy carbon particles. This film has a large internal surface area, which is accessible to liquids and gases.
A simple model for the evolution of the internal surface area in glassy carbon powder during thermochemical gas-phase
oxidation is also presented and compared with experimental data. Experimental results are in qualitative agreement with the
model. We found that a sharp particle size distribution is desirable with regard to potential technical applications.  2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction reaction of carbon with oxygen. In previous works we
studied the thermochemical oxidation of GC sheets and

Glassy carbon (GC) is a material having voids of about disks with thicknesses between 60 and 1000 microns
1 to 2 nm diameter, which are closed and separated from extensively [4,5,9]. We extended our investigations to GC
each other. Due to its pore volume, GC has a mass density powder, which consists of GC spheres with a diameter

3of about 1.5 g /cm , which is rather low compared to smaller than 15 microns. Unlike monolithic GC samples
3graphite, which has a density of 2.26 g/cm [1–3]. It has with an outer film and an internal non-activated core,

been reported that the pores can be opened and enlarged by which is a prerequisite for a bipolar cell-assembly [6,7],
thermochemical gas-phase oxidation [4,5]. Such activated the powder GC should consist of only activated material
GC can be utilized as a material for electrochemical double [10] and then be processed to form a regular powder
layer capacitors [6–8]. The activation creates a film with electrode, including graphite and binder. The polydispersi-
open pores on the surface of the GC, which envelopes the ty of the powder has the disadvantage that the smaller
non-activated and therefore impermeable interior material particles vanish during the activation due to combustion,
[4]. We found that film growth is a chemical process while the larger particles still consist of an outer shell of
controlled by diffusion of reactants and products in the active film and an inner core, which is not yet activated.
film [4]. The film growth is superimposed by a second We activated GC powder similar to the sheet samples and
process, which burns off the film due to combustion. This measured the BET internal surface area as a function of the
process was found to be controlled by the chemical activation time. Section 2 describes the material studied

and the activation process applied. A simple geometrical
model is established in Section 3, which describes the*Corresponding author. Lawrence Berkeley National Labora-
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checked for consistency with results reported for mono-
lithic samples. Different results for different GC materials
are discussed in terms of their different microstructure, as
studied with X-ray diffraction.

2. Experimental

2.1. Description of the GC material

Commercially available glassy carbon powder was
purchased: SIGRADUR K and SIGRADUR G. The two
types of GC are abbreviated K and G below. K (G) was
obtained from pyrolysis of a phenolic resin at a tempera-

Fig. 2. Distribution of the particle diameter Y of GC powderiture of about 10008C (22008C). The particle volume
SIGRADUR K (open symbols) and G (closed symbols).fraction X vs. particle radii as displayed in Fig. 1 was

certificated by the manufacturer. The particles were de-
clared to have a sphere-like shape and diameter between volume distribution X to particle distribution Y is obtained
0.4 and 12 microns (G: 1–4 microns), which was con- from
firmed in our laboratory with an optical microscope. The G

3V N ? (4 /3)pRspheres are mostly smaller than the K spheres. The i i i
] ]]]]X 5 5 (2)i V Vmaximum of the volume distribution is at 4 mm for G and

at 12 mm for K. The average values for the radii were where V is the volume of all the N particles in a specific
calculated as follows: amount of powder, N of them having radius R , and V isi i i

therefore is the fraction of the volume arising from`

particles with radius R . Thus, V5 o V andE P(R) ? R dR i i i
0
]]]]kRl 5 (1)` N XVi i

] ]]]]Y 5 5 . (3)E P(R) dR i 3N N0 (4 /3)pRi

Only the quantities X and R are needed in the conversionwhere P(R) is the particle radii distribution as displayed in i i

to obtain the distribution P(R). The results of the conver-Fig. 2. For the K-type powder (G) a value of 5.50 microns
sion are displayed in Fig. 2.(2.05) was found.

For the mass density of non-oxidised GC, the valuesFor a specific evaluation of the data it is necessary to
reported by the manufacturer were used (K, r 5 1.53know the volume fraction, as displayed in Fig. 1, and also i

3 3g /cm ; G, r 5 1.49 g/cm ). These values are in line withthe distribution of the particle size, i.e. the particle radii i

data reported in the literature [1].fraction Y , as shown in Fig. 2. The conversion fromi
Mass densities for the active GC film were not available

with the exception of K-type GC sheets of 60 microns
3thickness: r ¯ 1.2 g/cm [11].i

The internal surface area (BET) of the activated GC per
2active film volume was assumed to be 900 m /g for the K

2powder (G: 200 m /g), because the measured data tend to
this value for long activation times. Additionally, from
investigations of K-type 1 mm GC disks and 60 micron
GC sheets we know that their active films have a BET

2surface area of around 900 m /g for long activation times
[4,5,11].

2.2. Oxidation of GC

GC powder was thermally oxidised in the following
manner. The powder was suspended in ethanol and then
poured into a ceramic dish of 12 cm diameter. The dishFig. 1. Distribution of volume fraction X of GC powder SIG-i

RADUR K (open symbols) and G (closed symbols). was shaken by hand in order to cover the dish walls with a
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thin film of the GC–ethanol suspension. Within a few linearly with reaction time when the burn-off is constant
seconds, the ethanol evaporated and a thin film of GC and homogeneous. Therefore, the radii of the spheres
powder was left behind on the ceramic dish. The area decrease linearly with activation time, as demonstrated in
covered by the powder was typically about 100 to 150 Ref. [12] and as found experimentally for flat GC samples

2cm . Care was taken to minimize agglomeration of the GC [4,5,9,11].
in order to ensure that as many free particles as possible The evolution of the internal surface area arising from
were spread over the dish surface, so that every powder open pores, which are created only by oxidation, can be
particle had contact with the air or oxygen. The dish was monitored by gas adsorption measurements.
then placed in a preheated furnace at 4508C. After a The oxidation of a spherical GC particle can be divided
specified time, the dish with the oxidised GC was removed into several stages, as illustrated in Fig. 3:
from the furnace. A whole set of powder samples activated
at 4508C but for different times was prepared in the same 1. Initially, there is a non-activated GC sphere with radius
way. The quantity of activated GC powder was typically R and mass density r .0 i

about 150 to 300 mg. The relative weight loss m(t) /m of 2. Upon oxidation, an outer shell with radius r (t) of0 e

the K-type powder was determined with a high-precision active film material with mass density r is created, ande

laboratory microbalance. Gas adsorption measurements the active volume envelopes a non-activated core with
were carried out with N on a Micromeritics ASAP 2000 radius r (t), which contributes to the weight of the2 i

2test station. The BET surface area of the powder (m /g) powder, but not to the internal surface area. The
was determined from isothermal plots. thickness of the shell is

Q(t) 5 r (t) 2 r (t) $ 0. (4)e i

3. Establishing the model The film growth represents a diffusion-controlled pro-
cess, which is characterized by the film growth rate g,

1 / 2From investigations on GC sheets and disks we know with dimensions m/s for flat samples [12].
that a film with open porosity can be grown on the surface 3. Burn-off of the outer sphere occurs, and r (t) decreasese
of GC [4,5,9,11]. These samples have a sandwich-like linearly:
structure with an unactivated core with closed pores, which

r (t) 5 R 2 bt $ 0 (5)e 0is enveloped by the film with open pores. We found that
the thickness of the active film on flat samples follows a where b is the burn-off constant. The inner radius rigrowth law which can essentially be represented by a shrinks according to the relation
so-called Generalized LambertW function &, which can be
approximated by a square-root function [9]. Such square- r 5 R 2 bt 2 Q(t) $ 0 (6)i 0

root-type growth behaviour is a typical indication of a
and the function Q(t) is the expression for the filmdiffusion-controlled growth process. Film growth in sam-
thickness.ples of spherical shape cannot be described accurately by

4. After a specific time there is no longer an unactivated&. An approximation would be to consider the film growth
GC core, but only active film material.in non-shrinking spheres; the solution of this problem is

also exact and can be found in Ref. [12]. Since we found,
however, that this somewhat difficult solution does not Note that steps (2) and (3) take place at the same time.
differ significantly from a simple square-root function, However, during the initial stage of the reaction the film
which is actually applied to non-shrinking flat samples, we growth is more pronounced than the burn-off. From this
decided to choose this function as an approximation. point, only the fully activated GC sphere with radius r (t)i

The thickness of an arbitrarily shaped object decreases is burning off. We assume that the ratio

Fig. 3. Illustration of changes in pore radii during oxidation. Unreacted core shrinking and shrinking particle size during the reaction (grey
film and black core).
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Internal surface area of the film
]]]]]]]]V 5 (7)

Mass of the film

remains constant during activation. From studies of GC
plates, however, we know that this ratio can decrease to
about two-thirds of its initial value during 2 h of activation
at 4508C, because pores grow and coalesce during activa-
tion at the cost of the internal surface area [4,5,9,11]. Since
the amount of activated material decreases, the total
internal surface area also decreases. The ratio V may
differ, however, if different types of GC are considered.

2For K (G)-type GC powder, V is about 900 (200) m /g.
The radii r (t) and r (t) change upon oxidation and aree i

therefore time dependent. For the growth of an active film,
Fig. 4. Relative burn-off (%) of K powder at 4508C activationit is necessary that the active film growth rate exceeds the
temperature. The line represents the least-square fit according toburn-off rate. The internal surface area of an arbitrary
Eq. (16).amount of powder as a function of the activation time can

be calculated within this model.
The mass of a partially activated sphere consists of the and the maximum achievable BET surface area per gram

mass of the unreacted core of mass density r and radius must be known and taken into account.i

r (t): The size distribution of the spheres, however, changesi

during oxidation. In particular, the distribution is shifted
34

]m (t) 5 r pr (t) (8)i i i3 towards smaller radii, and the larger particles dominate the
distribution on account of the smaller particles, whichplus the mass of the surrounding film of mass density re vanish during oxidation due to combustion. This compli-and film thickness Q(t) 5 r (t) 2 r (t):e i cates the computation of the surface area of polydisperse

3 34 powders considerably and is beyond the scope of this]m (t) 5 r p(r (t) 2 r (t)). (9)e e e i3
work. Computation will therefore be restricted to a mono-
disperse distribution in this work.The total surface area S of a particle which can be

covered by an adsorbent gas consists of its geometrical
surface area

4. Results and discussion
2S (t) 5 4pr (t) (10)geom. e

4.1. Burn-off
and the internal surface area of the active film volume

3 34 The relative mass loss of the K powder during oxidation]S (t) 5 pVr (r (t) 2 r (t)) (11)int. e e i3
is displayed in Fig. 4. The burn-off rates of GC powder as

where V is the internal surface area of the active mass determined by the mass loss are listed in Table 1. In
2(m /g) as in Eq. (7). The contribution of the geometrical previous experiments with GC plates we found that the

area to the overall surface area is only minor when burn-off rates were constant [4]. For comparison, they are
particles with an active film are considered. also listed in Table 1.

The total surface area S per mass m is Since the radius of the particle decreases linearly during
oxidation, we can derive a third power time dependency of

2 3 3S 1 S 3r (t) 1 Vr (r (t) 2 r (t) )geom. int. e e e i the weight loss during oxidation:* ]]]] ]]]]]]]S 5 5 . (12)(t ) 3 3m 1 m r (t) (r 2 r ) 1 r (t) ? ri e i i e e e

Table 1*The function S (t) is piecewise defined because the radii re
Experimentally obtained burn-off rates b and active film growthand r vanish at specific times t and t , which are definedi e i rates g for various GC sheets (K) of different thickness and GCimplicitly by the relations
powder

r (t ) 5 R 2 bt 5 0 and r (t ) 5 R 2 bt 2 Q(t ).e e 0 e i i 0 i i Temp. Thickness Growth Burn-off
]Œ(8C) (mm) g (mm/ h) b (mm/h)

Eq. (12) represents the internal surface area of a sphere
450 1000 38.7 22during oxidation.
450 60 11.0 3.7For a somewhat more accurate evaluation and com-
450 K powder (¯12 mm) – 2.260.6parison with experimental data, the distribution of the radii
450 G powder (¯5 mm) – 0.8360.3

R , the mass densities and the time dependence of the radii0
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r 5 R 2 bt (13) micron thickness have a burn-off rate a factor of 6 largere 0

than the 60 micron samples, although these samples
3 34 4 received the same pyrolysis treatment. We believe that] ]V (t) 5 pr (t) 5 p(R 2 bt) (14)e e 03 3

pyrolysis gases evolving during pyrolysis disturb crystal
3m(t) 4 bt growth in GC, and for thick samples the release of3] ] ]V (t) 5 5 pR 1 2 (15)S De 0 pyrolysis gases lasts longer than for thin samples. There-r 3 Ri 0

fore, the disorder in the 1000 micron samples is more
3bt pronounced than in the 60 micron samples, provided they]m(t) 5 m 1 2 . (16)S D0 R have experienced identical pyrolysis schedules. The thin0

60 micron K-type GC sheets have a burn-off rate some-
In this derivation we have neglected the fact that a minor what larger than that of the K powder. The burn-off rate
part of the weight loss arises from the evolution of the increases with sample thickness.
active film, which is manifested by a decrease of the mass Unlike the mass loss due to burn-off of the sheet and3density from about 1.5 to about 1.2 g /cm . An expression disk GC samples, which was found to be linear, the weight
of the type loss of the powder in the dishes was found to decrease at

3 the third power of the sphere radius, which is expected forb ? t
]m(t) 5 m ? 1 2 (17)S D0 spherical particles [12].R0

In this model we assume for the GC powder: (i) as a
was fitted to the experimental mass loss data for the K-type rough approximation a rate g of active film growth which
GC powder (Fig. 4). A radius of R 5 6.8 mm for the K is proportional to a square-root-like function of oxidation0

powder spheres and a burn-off rate of 1.6 mm/h were time; and (ii) a constant rate b for the burn-off of GC
obtained. Since the particle size distribution is not taken material with
into account in this expression, the data obtained by this

1 / 2r (t) 5 R 2 bt $ 0, r (t) 5 R 2 bt 2 gt $ 0.e 0 i 0fitting procedure can only serve as a rough approximation.
The K powder particle radius, however, is in good

Note that the growth rates and burn-off rates in Table 1agreement with the particle size distribution as specified by
deviate considerably for different types of GC.the manufacturer (Figs. 1 and 2). We recall that the mean

particle radius kRl for K, obtained from the manufacturer’s
reported particle size distribution, was 5.5 microns. 4.2. BET surface area

We found that, after about 150 min oxidation, K powder
was no longer visible in the furnace, provided it had been Figs. 5 and 6 display the evolution of the specific
well spread over the Petri dish surface before oxidation. internal surface area of both types of GC powder during
This indicates that the largest K powder particles, which activation. The total internal surface area shows a convex
have a diameter of around 14 microns, vanish after this increase with increasing activation time. Before activation,
time. only the outer geometrical area contributes to the BET

The burn-off rate b for the K powder obtained in this surface area, because the non-activated GC has no porosity
way was 7 mm/150 min52.8 mm/h. Since mass loss due which can be accessed by the nitrogen from outside. This
to active film growth was not taken into account, b is
overestimated. The value 2.8 mm/h therefore represents an
upper limit for b. The burn-off rate of 60 microns K-type
GC sheet as mentioned above was found to be about 3.7
mm/h at the same activation temperature. Similar consid-
erations and observations for the G powder yield a burn-
off rate of around 0.8360.3 microns /h.

We found that the K powder has a larger burn-off rate
than the G powder. This result was expected. G-type
glassy carbon is pyrolyzed at a much higher temperature
than K-type glassy carbon. G-type GC therefore has larger
crystallites and fewer defects and impurities than K-type
GC. G has crystallites with larger basal planes and few
edge planes. Oxidation and thus burn-off occur more
readily at the edges of the crystallites, while the basal
planes are quite resistant to reaction. Consequently, the G Fig. 5. Measured and calculated (———, Eq. (12)) BET surface
powder has a smaller burn-off rate than the K powder. areas of Sigradur K. Parameters: b 5 1.26 mm/h; g 5 4.76 mm/

] 2 3ŒTable 1 also contains the burn-off rates of monolithic h; V 5 900 m /g; R 5 6 mm; r 5 1.53 g/cm ; r 5 1.2 g/0 i e
3GC sheets of different thicknesses. Samples of 1000 cm .
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(12) with sphere radius R 5 6 microns (12 mm diameter).0

Note that Eq. (12) is only applicable to a monodisperse
distribution of the powder spheres. The best fit is obtained
with a radius of 6 mm, a burn-off rate of 1.26 mm/h, and a

]Œfilm growth rate of 4.76 mm/ h. For the densities, r 5i
3 31.53 g/cm and r 5 1.2 g/cm were taken. The radius ofe

6 mm semi-quantitatively matches the maximum of the
particle size distribution (6 mm, see maximum of the
distribution in Fig. 1).

The particle number distribution in Fig. 2 shows that a
very large proportion of the particles is smaller than 4
microns. The particles smaller than 4 microns are burnt off
within 1 h and no longer contribute to the BET surface
area for activation times exceeding 1 h. From the tech-

Fig. 6. Measured and calculated (———, Eq. (12)) BET surface nological point of view this means that some of the
areas of Sigradur G. Parameters: b 5 0.36 mm/h; g 5 1.0 mm/ material is wasted, unless powder with a sharper particle] 2 3Œh; V 5 200 m /g; R 5 2.5 mm; r 5 1.49 g/cm ; r 5 1.20 i e size distribution is utilized.3g /cm . The burn-off rate obtained by fitting the BET surface

area evolution data to Eq. (8) (1.26 mm/h) is smaller by a
factor of 2 than the experimentally determined burn-off

contribution is very small prior to activation. With activa- rate determined by the weight loss experiment. The film
]Œtion, however, a porous film builds up. Since the film growth rate obtained by fitting is 4.76 mm/ h. No

thickness increases, the overall internal surface area also experimental film thickness data for powder particles were
increases. available for comparison. In the investigation of the

For the K powder, an increase of the internal surface monolithic samples, film thicknesses were obtained direct-
2area from about 2 m /g with no activation to about 900 ly from microscopic images of fracture cross sections of

2m /g after 2 h of activation is observed (see Fig. 5). A the activated plates and sheets, but this technique was not
larger value for longer activation times is not expected, applicable to powders. However, from Table 1 a trend can
because the powder is consumed after about 120 to 150 be derived such that thick GC samples have a larger film

2min of activation. The specific surface area of 900 m /g is growth rate than thin GC samples. In our studies on GC
in line with results reported for activated GC sheets [4,11]. plates with different thicknesses we found that the film

For G-type GC powder, an increase of the internal growth and burn-off rates depend on the thickness of the
2surface area from about 2 m /g before activation to about plates, and this could be systematically attributed to

2200 m /g after 3 h of activation is observed (see Fig. 6). differences in their structure [9,11]. The powder spheres
Previous electrochemical measurements on thermoch- are the thinnest samples due to their small radius and

emically activated GC sheets, both K-type and G-type, therefore have a smaller film growth rate, when the trend is
showed that the electrochemical double layer capacitance obeyed.
is by far lower for G-type GC than for K-type GC [11]. Fig. 6 displays the measured BET surface area of the G
The electrochemical double layer capacity matches the powder as well as a least-squares fit to Eq. (12). With a

3results from the BET measurements. particle diameter of 5 microns and r 5 1.49 g/cm , thei

For the non-activated GC powder, no direct information burn-off rate was found to be 0.36 mm/h and differs by
on its internal, closed surface area was available. There roughly a factor of 2 from the value obtained experimen-
should not be major differences in the internal surface tally (0.83 mm/h). The film growth rate was found to be

]Œareas of K (G) powder and monolithic K (G) sheets, 1.0 mm/ h. This value is lower than the corresponding
]Œbecause their microstructures do not differ significantly value for the K powder (4.76 mm/ h), as expected [11].

from each other (see subsection X-ray diffraction for The results are summarized in Table 2.
further discussion). We therefore assume that the micropore
sizes and internal surface areas are similar for monolithic
samples and powders. Possibly the G powder has fewer Table 2
and larger pores than the K powder, since G sheets have Burn-off rates b and active film growth rates g of GC powder, as
fewer and larger pores than K sheets. obtained from the least-squares fit of Eq. (12) to BET data

Type of Diameter Growth Burn-off
]4.3. Fitting ŒGC (mm) g (mm/ h) b (mm/h)

K powder 12 4.76 1.26Fig. 5 displays the measured BET surface area of the K
G powder 5 1.0 0.36powder and a least-squares fit computed according to Eq.
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The deviations in the burn-off rates by a factor of about
2 for both powders in Tables 1 and 2 can be explained by
the fact that the fitting routine applies Eq. (12), which is
based on the assumption that all powder spheres are freely
distributed, whereas the real experiment could not fully
guarantee that all powder spheres were free. Also, it was
assumed that the internal surface area of the powder, V, is
constant during oxidation.

4.4. X-ray diffraction

Fig. 7 displays X-ray diffractograms of the two different
kinds of non-activated GC powders studied. Only the
(002) peak at about 258 is shown, the only well-developed Fig. 8. X-ray diffractograms of K and G GC plates of 1 mm

thickness.peak of glassy carbon. The curve with the lower intensity
is from the K powder; the curve with the higher intensity is
from the G powder. By Bragg’s law, the position of this
peak is correlated with the distance of parallel graphene (002) peak is at a smaller 2Q value than that of the K-type
layers. By the Scherrer formula, the full width at half GC. The diffractograms reveal that structural differences in
maximum of this peak is related to the crystallite size. the G-type GC powder and K-type GC powder are similar
Since the 2Q value of the intensity maximum of the K to the structural differences in the monolithic plates. G-
powder diffractogram is shifted somewhat to the left from type GC therefore has larger crystallites and fewer defects
that of the G powder, the average distance of the graphene than K-type GC. This observation is valid both for the
sheets in K powder is larger than in G powder. powder and for monolithic samples. It is probably the

The large difference in intensity reveals that the G higher stage of crystallinity (larger crystallites, fewer
powder has a higher stage of crystallinity than the K defects, graphene layer distance closer to that of graphite)
powder. The full width at half maximum (FWHM) of the which enables the G-type glassy carbon to better resist
(002) peak for the G powder is qualitatively smaller than burn-off. This result is in line with the findings for burn-
that of the K powder. This reveals that the G powder off, because the K plates burn off in a shorter time (or at
consists of carbon with larger crystallites, while the K lower temperature) than the G plates. Also, the K powder
powder contains smaller crystallites. Similar results have burns off faster (in a shorter time at the same temperature)
been reported for sheet and disk samples of K-type and than the G powder.
G-type glassy carbon [11]. G-type GC has larger pores than K-type GC, as is

Fig. 8 displays the diffractograms of the corresponding generally known from small-angle X-ray scattering
GC plates with 1 mm thickness. The G-type sample has an (SAXS) experiments [1]. Since it is not the pore space, but
overall larger diffracted intensity than the K-type GC, a the pore walls, that accounts for the internal surface area, it
smaller FWHM of the (002) peak, and the position of the is evident that the K powder with the smaller pores, but

roughly the same porosity as the G powder, has a larger
internal surface area. We measured K and G GC sheets
with SAXS and found that the pores in G-type GC are
twice as large in diameter as those in K-type GC [13].
Assuming that the pores are sphere-like, then the area S ofp

a single pore with radius R is given byp

2S 5 4pR (18)p p

and the area of a sphere with a radius twice as large is

2*S 5 4p(2 ? R ) 5 4 ? S . (19)p p p

Therefore, the internal surface area of G-type GC is
smaller than for K-type GC, provided the number of pores
per unit volume remains unchanged during pyrolysis. TheFig. 7. X-ray diffractograms of GC powders K (lower curve) and
four times larger internal surface area of activated K-typeG (upper curve). Peaks around 288 are from corundum in the grain

2 2(900 m /g) vs. G-type (200 m /g), as measured here,mill. The peak around 268 in the diffractogram for G could
originate from highly crystalline graphite particles. reflects these considerations well.
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